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Mars, atmosphereThe retrieval of the optical properties of desert aerosols in suspension within terrestrial dust devils is pre-
sented with possible future application for martian dust devils. The transmission of light through dust
devil vortices was measured in situ to obtain the wavelength-dependent attenuation by the aerosols. A
Monte Carlo model was applied to each dust devil with the retrieved optical properties corresponding
to the set of parameters which lead to the best model representation of the observed transmission spec-
tra. The retrieved optical properties agree well with single scattering theory and are consistent with pre-
vious studies of dust aerosols. The enhanced absorption observed for dust devils with a higher tangential
wind speed, and in comparison to atmospheric aerosol studies, suggests that larger dust particles are
lofted and suspended around dust devil vortices. This analysis has shown that the imaginary refractive
indices (and thus the optical properties of the suspended dust) are generally overestimated when these
larger dust grains entrained by dust devils are neglected. This will lead to an overestimation of the
amount of solar radiation absorbed by the small particles that remain in suspension after the dust devil
terminates. It is also demonstrated that a 10% uncertainty in the particle size distribution of the dust
entrained in the dust devils can result in a 50% increase in the predicted amount of incident solar radi-
ation absorbed by the dust particles once the dust devil has terminated. The method used here provides
the capability to retrieve the optical properties of the dust entrained in martian dust devils by taking
advantage of transits over surface spacecraft which are capable of making optical measurements at ultra-
violet and visible wavelengths. Our results suggest that we would observed higher absorption at all
wavelengths for dust particles entrained in dust devil vortices compared to the ubiquitous dust haze.
 2014 Elsevier Inc. All rights reserved.1. Introduction
A dust devil is a convective vortex made visible by dust en-
trained within the upward convective ﬂow. On Earth, dust devils
are commonly observed in arid regions where strong solar insola-
tion induces a super-adiabatic lapse rate (Sinclair, 1973). While
less signiﬁcant than boundary layer winds in atmospheric dynam-
ics, they can affect their local environment by carrying a signiﬁcant
particle load, which can inﬂuence air quality and cause effective
aeolian erosion.
It has been suggested that dust particulates lofted into the
atmosphere by dust devils might have an effect on the global
climate through the absorption and scattering of incident solar
radiation and also by acting as ice nucleation sites (DeMott et al.,
2003). Understanding the effect of dust devils on the local and glo-
bal climate requires information on the amount of dust lofted into
the atmosphere, the vortex size and frequency distribution and,
most importantly, the optical properties of the suspended dust.
Investigations into dust devil size, frequency and the vertical ﬂuxof material lofted into the atmosphere by dust devils have been
conducted (Metzger et al., 2011), but to date there has been no
simultaneous retrieval of the optical properties of the entrained
dust. Any estimate of the radiative effect of the dust particles once
in suspension requires knowledge of their optical properties, since
these dictate the amount of absorbed or scattered solar radiation
and thus, the direct solar heating of the surrounding atmosphere
and the atmospheric heating rate. Variations in the atmospheric
heating rate induce temperature gradients which can affect the
near-surface wind stress, enhancing or suppressing dust devil
activity and hence additional dust lifting. Terrestrial dust devils
are often observed to have a saltation ‘‘skirt’’ near the surface.
The presence of a saltation skirt is indicative of larger particles
being suspended which are too large be carried in suspension
and are ejected from the column by radially-direct winds.
On Mars dust devils are believed to play an important role dur-
ing northern summer, helping to maintain the persistent dust haze
(Newman et al., 2002b). The size and composition of the particles
being lifted by the dust devils are therefore key parameters in or-
der to assess their radiative effect on the atmosphere. Variation in
the amount of solar radiation absorbed by the dust particles will
affect the heating rate of the surrounding atmosphere which will
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(Newman et al., 2002a). Furthermore, the water condensation level
in the atmosphere is dependent on the atmospheric temperature,
with a more absorbing dust component resulting in a higher con-
densation level, directly inﬂuencing the Mars water cycle (Titov
et al., 1999).
In this paper we apply the Monte Carlo Light Scattering Model
(MCLSM) described in Mason et al. (2013) to spectral measure-
ments of terrestrial dust devils. The aim of this work is to construct
a retrieval method capable of obtaining the optical properties of
the dust entrained within dust devil vortices by analysing the
attenuation of the solar spectrum during a dust devil transit over
a given observation point at the surface.Fig. 2. An example of the chase vehicle encountering a dust devil vortex.2. Experiment setup and procedure
Owing to the unpredictable nature of dust devil formation, the
in situ measuring technique used a mobile platform to position the
optical instrumentation in the path of the vortices. This was
accomplished by setting the instrumentation on the roof of a vehi-
cle with the line of sight of the optical instruments perpendicular
to the vehicle roof. The layout of the instrumentation used for
these experiments is illustrated in Fig. 1 and included a ultraviolet
to visible (UV–VIS) spectrometer, pressure and temperature
probes, a photodiode light sensor (Sun sensor) and a GPS receiver.
The pressure, temperature and Sun sensor data form the ‘PICO’
dataset and are referred to as such from this point. The UV–VIS
spectrometer incorporated a diffuser attached to the end of the
detector probe that allowed for measurement of the full sky
irradiance.
The experimental method involved two vehicles; an orbital
vehicle that time-stamped and photographed the encounter to ob-
tain a visual reference of each dust devil encounter. The second
vehicle was the chase vehicle (with the instrumentation mounted
on the roof) which positioned itself in the path of the dust devil
Fig. 2. The chase vehicle drove ahead of the dust devil and posi-
tioned itself downwind of the vortex path before coming to a rest.
Positioning the chase vehicle in this way ensured that any dust
lofted by the chase vehicle dissipated away from the vortex to pre-
vent contamination. After each dust devil encounter the chase
vehicle remained stationary for an extended period of time to
allow measurement of ambient conditions and the incidentFig. 1. Overhead view of the experimental setup for the dust devil experiments.(reference) solar spectrum once quiet conditions were restored; a
requirement for the retrieval of the dust single scattering proper-
ties. The GPS receiver recorded the time and position of each
encounter.
The experiments were conducted in the Southern Nevada Des-
ert (Eldorado Valley), in a closed playa basin. The region has an arid
and hot climate with strong insolation and the conditions for dust
devil formation occur frequently. The basin itself is ﬂat, hard and
dry with regions of both ﬁne and coarse material on the surface,
making it ideal for vehicular activities, and covers an area of
13 km2.3. Dust devil measurements
The dust devil vortices were recorded during an experimental
campaign between 20–25 June 2009. The size of the vortices varied
signiﬁcantly, with diameters ranging from just a few metres to as
large as 20 m, and vortex heights varying from tens of metres to
many hundreds of metres. Only a small proportion of the dust devil
encounters were selected for further analysis, all from 21 June
2009 as atmospheric conditions were ideal (clear skies, low
ambient wind speeds and strong insolation) on this day. In total
ﬁve dust devil encounters of varying dust loading and size were
chosen for further analysis and are labelled E1–E5. The encounters
chosen were those in which the chase vehicle was at rest for a suf-
ﬁcient time prior to the encounter to ensure all vehicle dust had
dissipated.3.1. Data reduction
Dust devil encounters are characterised in the dataset by a drop
in pressure, a correlated increase in temperature and a decrease in
observed illumination (Sinclair, 1973; Mason et al., 2013). The mo-
tion of the chase vehicle created additional ‘noise’ in the recorded
data, with the UV–VIS spectrometer and pressure sensor being the
most affected and was the main driver for accurate time-stamping
of each encounter and careful correlation between drops in pres-
sure and variations in the observed illumination. The dust devil
transits were identiﬁed by using the recorded time on the GPS
Fig. 3. Correlation between the UV–VIS and PICO dataset for encounter E2.
Fig. 4. kext as a function of DP.
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set. An example of the correlation between the PICO data and the
UV–VIS spectrometer for dust devil encounter E2 is shown in
Fig. 3. The apparent transmission (Ta) describes the ratio of the ref-
erence irradiance to the irradiance measured during the transit.
Since the measured irradiance during the dust devil encounter will
contain scattered light, Ta is used to differentiate it from the true
transmission. Good agreement between the Sun sensor and the
UV–VIS spectrometer measurements was observed for all encoun-
ters considered. Note that the point of lowest illumination does not
correspond to the passing of the dust devil interior. This was also
observed for encounters E1 and E3, with their transit signatures
showing the lowest detected irradiance occurring before the pres-
sure decrease and temperature increase, i.e. before entering the
dust devil core. This indicates that the observation point passes
through the dust devil shadow prior to entering the interior, and
the point of lowest irradiance occurs when the solar line of sight
length through the dust column is at maximum (Mason et al.,
2013). This was veriﬁed from the encounter videos which all show
the chase vehicle passing through the dust devil shadow prior to
entering the vortex.
The difference between ambient pressure and the pressure at
vortex centre (DP) for encounters E1–E3 showed two distinct min-
ima. The presence of multiple secondary cores in orbit around the
primary vortex is a possible explanation for encounter E1, which
had a large radial diameter and relatively low dust loading. How-
ever, encounter E2 was very intense with a well-deﬁned core and
E3 was small with low vorticity and no evidence of secondary orbi-
tals. Upon further considerations we have determined that the
apparent pressure rise may in fact be an artefact of the measure-
ment setup. The vertical orientation of the pressure probe inlet
meant that it was sensitive to the direction of airﬂow in the vortex.
The pressure increase could therefore be the result of dynamic
wind effects on the pressure probe. In the case of encounters E4
and E5, this resulted in a pressure increase in the core of 0.6 mbar
above ambient pressure. The pressure increase effectively pre-
vented measurement of the true pressure drop at the centre for
encounters E4 and E5, however it must be noted that this will have
no impact on the optical property retrieval.
A temperature increase in the order of 1–4 C was observed
during the dust devil transits in agreement with other studies (Sin-
clair, 1973).3.2. Dust loading as a function of DP
Greeley et al. (2003) and Neakrase et al. (2006) suggest that the
efﬁciency of a vortex to lift small particles is governed by DP,
whereas for larger particles dust devils are analogous to boundary
layer winds where the surface wind stress determines the size of
the particles lofted. This indicates that the more intense encoun-
ters E2, E4 and E5 may have larger quantities of ﬁner and coarser
particles relative to E1 and E3. The extinction coefﬁcient kext
(attenuation per unit length) was calculated for 23 dust devils
using hz, sa and Rdd and plotted against DP, Fig. 4. Upon initial
inspection there is no simple relationship between dust loading
and DP. It is evident, however, that high dust loadings are not ob-
served for dust devils with low DP and the range of possible kext is
seen to increase with DP.
It should be noted, the variability of loose material over short
distances on the playa surface makes a direct comparison of dust
loading and DP for dust devils across the region arbitrary. For
example, a vortex with a lower DP may have a higher dust loading
than a vortex with a high DP simply because more source material
was available at its location on the playa. The sample area for this
analysis was the entire playa and there are insufﬁcient dust devil
encounters in close proximity (i.e. cannot assume same source
material) to show accurately the relationship between dust loading
and DP. To properly assess the relationship with DP and dust load-
ing, and for comparisons with laboratory experiments, it is crucial
that the same amount of source material is available to each dust
devil.
3.3. Estimation of dust devil parameters
The optical signature of a transiting dust devil depends on a
number of variables: the dust devil direction of travel relative to
the Sun (add), the solar zenith angle (hz) and azimuth angles (/az),
the radius of the dust devil (Rdd), the dust devil height (Zdd) and
the dust optical depth (s) However, for the retrieval of the optical
properties only measurements through the centre of the dust devil
were considered, therefore only hz, Rdd, and Zdd are required.
The physical dimensions of the dust devils were estimated
using images which contained the chase vehicle near the dust dev-
ils (Fig. 2). In these instances the known size of the chase vehicle
could be used as a reference to deﬁne the dust devil dimensions.
In the majority of cases the top of the dust devil exceeded the
top of the image and therefore, the true extent of the vortex could
not be measured. The error in our retrievals from underestimating
Zdd will be negligible since the modelled Ta becomes increasingly
insensitive to increases in Zdd above approximately 80 m as the
Table 1
Calculated dust devil parameters from imaging and, UV–VIS and PICO datasets.
Encounter Rdd (m) Zdd (m) sa at 450 nm DP (mbar)
E1 11 >130 0.8 0.30
E2 4 >100 0.6 0.42
E3 5 18 0.2 0.29
E4 7 >200 2.3–2.7 –
E5 8 >200 1.6–2.0 –
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tude within the dust column due to the longer path length through
the dust. The apparent optical depth (sa) is calculated from the
Beer–Lambert law using Ta and serves as a lower limit for s in
the retrieve scheme. The estimated, Rdd, Zdd, sa and the DP for
encounters E1–E5 are given in Table 1. The high dust loading and
size of encounters E4 and E5 lead to an undeﬁned vortex core
and therefore, a range of sa is given.Fig. 5. Ta as a function of wavelength for the different dust devil encounters.
3.4. Spectral attenuation by the suspended dust particles
As the dust devil transits over the spectrometer, the incident so-
lar radiation is attenuated by the suspended dust entrained within
the vortex, modifying the solar spectrum measured at the surface.
Fig. 5 shows Ta as a function of wavelength for the different dust
devil encounters. The Ta spectra reveal that the wavelength-depen-
dent attenuation caused by the dust is small at sa = 0.2–1.5 (E1–E3)
with only a slight increase in absorption at k < 550 nm and a small
increase in irradiance at longer wavelengths due to scattering. At
s > 2.0 the dust concentration is sufﬁcient to cause a signiﬁcant
modiﬁcation to the solar spectrum, with strong absorption seen
at wavelengths shorter than 550 nm and a signiﬁcant relative in-
crease in the observed light at wavelengths longer than 550 nm.
The higher attenuation is due to the fact that at s greater than
2.0 the majority of the detected light has undergone interactions
with the dust particles, i.e. the diffuse component forms the major-
ity of the measured irradiance.4. Optical property retrieval method
The physical dimensions of the dust devils were used to create
the model dust devils for the MCLSM. To ensure adequate sampling
of the dust concentration is achieved, s was incrementally in-
creased from sa to a value three times larger. Since sa is used as
an initial ‘‘guess’’ and subsequently deﬁnes a wide range of poten-
tial values for s, the retrieval scheme is insensitive to errors in the
measured quantity Ta. Ten wavelengths between 350 nm and
800 nm were selected to be ﬁtted. Ideally a larger number of wave-
lengths would have been ﬁtted, however this was not possible due
to computational constraints.
For each s the MCLSM is executed sequentially for incremental
increases in x0 and asymmetry parameter (g) within the ranges
0.6 <x0 < 0.99 and 0.6 < g < 0.99, based on retrieved values for var-
ious desert aerosols (Kaufman, 1987; Dubovik et al., 2000). The
output of the simulations results in a matrix relating the number
of photons detected to values ofx0 and g. The model reference sig-
nal is found by executing the MCLSM with the dust devil removed
from the model volume. The initial results revealed no unique
solution, with different combinations of x0, g and s predicting
the same Ta. Multiple solutions for different values of x0, g and s
will result in erroneous retrieval of the dust particles single
scattering properties, therefore reasonable constraints had to be
applied to the retrieval routine. The constraints were based on
the observed attenuation during the dust devil transits (Fig. 5)
and Mie theory simulations of desert aerosols for different sizedistributions. With the exception of E4 and E5 the wavelength-
dependent attenuation is approximately constant above 600 nm.
This indicates that the amount of scattered light received at these
wavelengths is similar, hence a small variation in x0 and g with k.
Below 600 nm the transmission decreases due to absorption by the
dust, indicating a decrease in x0 towards shorter wavelengths.
Therefore, a constraint was applied to the retrieval routine such
that, x0(k1) 6x0(k2) 6x0(k3). . .6x0(kn). At longer wavelengths
(k > 1000 nm) this condition is expected to break down, however
the constraint is valid over the wavelength region of interest (Reid
et al., 2003). The dependence of g as a function of wavelength for
different particle size distributions was analysed using Mie theory,
from which the constraint g(k1)P g(k2)P g(k3). . .P g(kn) was ap-
plied. To further reduce the number of possible solutions, a second-
ary constraint was also applied, conﬁning the possible values of x0
and g for the subsequent wavelength. The x0 and g wavelength
dependence for the different size distributions showed variations
in x0 and g smaller than 0.05 over a wavelength increment of
50 nm, therefore it was assumed that x0ðki1Þ 6 x0ðkiÞ 6
x0ðki1Þ þ 0:05 and gðki1ÞP gðkiÞP gðki1Þ  0:05: Placing rea-
sonable constraints on s was more difﬁcult, as depending on the
quantity of ﬁne particles, s could either increase or decrease with
wavelength. Therefore, s was chosen to obey the constraint,
s(ki) = s(ki1) ± 0.04  s(ki1), i.e. within 4% of s for the preceding
wavelength. The value of 4% is deﬁned by the mean difference in
the extinction efﬁciency (Qext) between two adjacent wavelengths
for the particle size distributions investigated.
The retrieval process begins by ﬁnding the combinations of x0,
g and s for each wavelength that resulted in the modelled trans-
mission to be within 1% of the measured transmission. All the pos-
sible solutions for the shortest wavelength k1 are then cycled
through sequentially and the x0, g and s solutions obeying the
above constraints for the next wavelength, k2, are ﬁltered. One of
these solutions for k2 is randomly chosen and the algorithm moves
to the next wavelength where another solution conforming to ap-
plied constraints is randomly selected. The process ceases once the
longest wavelength kn is reached and the modelled Ta as a function
of wavelength is compared to the measured transmission to pro-
duce a merit of ﬁt value given by:
v2 ¼ 1
Nk
Xi
Nk
ðTddð0; kiÞ  Tmð0; kiÞÞ2
Tddð0; kiÞ2
ð1Þ
Fig. 6. The retrieved (a) x0(k) and (b) g(k) for dust devil encounters E2, E3 and E5.
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sion at the centre of the vortex. If the value of v2 was less than a 1%
error in transmission at each wavelength then the solution was
stored. The process then repeats until all possible solutions are
found or the maximum number of iterations (106) is reached (the
algorithm was tested to ensure that all possible solutions were
found and, with the above constraints, 106 iterations was
sufﬁcient).5. Results
5.1. Single scattering albedo and asymmetry parameter
The applied constraints limited the number of potential solu-
tions, however as expected no unique solution was obtained for
the different dust devil encounters. Shown in Fig. 6 are the x0(k)
and g(k) solutions corresponding to the lowest v2 value and the
standard deviation for each wavelength for encounters E2, E3
and E5. The retrieved x0 and g for E1 and E4 were similar to E3
and E5 respectively and are omitted for clarity. Consistent with
predictions, the retrievedx0(k) for each dust devil shows a spectral
dependence that indicates that the dust absorbs more light at
k < 550 nm and is more efﬁcient at scattering light at k > 550 nm.
The lower x0(k) for E4 and E5 is consistent with the observed Ta
spectra and indicates that more light is absorbed at all wavelength
during these encounters.
5.2. Imaginary refractive index
A ﬁrst order approximation of the imaginary refractive index
(ni) for the suspended particles was calculated. Sinclair (1974)
determined a median particle radius (rm) of 0.6 lm for the particle
number distribution for dust entrained in a small dust devil. For
the same dust devil, Sinclair (1974) also determined a median par-
ticle radius for the mass distribution of 40 lm, with 70% of the
mass contained within particles with a radius larger than 25 lm.
The coarse and ﬁne particle fractions of the particle volume size
distribution were estimated using two log-normal distributions gi-
ven by:
dVðrÞ
d ln r
¼
X2
i¼1
Viﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2prm;i
p exp ðln r  ln rv;iÞ2
2r2v;i
" #
ð2Þ
where Vi represents the particle volume concentration, r is the
particle radius, rv,i is the median radius and rv,i is the standard
deviation. The median particle radius of the of the coarse particle
fraction (rvc) was held constant at 40 lm (since volume is propor-
tional to mass) and the fraction of the total volume occupied bythe coarse particles (Vc) and the median particle radius of the ﬁne
fraction (rvf) were varied until 70% of the mass was contained in
particles with rP 25 lm and rm was equal to 0.6 lm. The variance
(r2) was given a value of 2 for both the ﬁne and coarse fractions
typical of terrestrial aerosols (Reid et al., 2003). The values of Vc
and rm that best matched the desired particle distribution were
Vc = 0.89 and rvf = 1.77 lm. Mie theory was used to calculate the
particle single scattering properties for different values of ni for
each of the wavelengths used to ﬁt the x0(k) proﬁles (the real part
of the complex refractive index was held constant at 1.48). The re-
trieved x0(k) for E3 were then interpolated to ﬁnd ni(k). E3 was
used as its physical size was the closest to the small vortex mea-
sured by Sinclair (1974).
The particle volume distribution measured by Dubovik et al.
(2002) for Bahrain–Persian Gulf desert aerosols was also used to
estimate ni(k) in order to determine the sensitivity of the retrieved
ni(k) on the particle size distribution. This distribution is typical of
desert dust aerosols and contains a large fraction of ﬁne particles
and a signiﬁcantly smaller fraction of coarser material. The re-
trieved ni(k) (vertical lines) for both distributions are shown in
Fig. 7 along with comparisons to other ni(k) retrievals for desert
aerosols (Patterson et al., 1977; Dubovik et al., 2002). Vertical lines
are used to illustrate the uncertainty in our results.6. Discussion
6.1. Comparison with similar studies
Our retrieved values for x0(k) are lower in comparison to the
results of Fouquart et al. (1987) and Dubovik et al. (2002) at
k < 550 nm, who retrieved x0 > 0.9 over the majority of solar spec-
trum for desert aerosols, and are more consistent with the re-
trieved values of x0 by Shettle and Fenn (1976); WMO, Deepak
and Gerber (1983), Hess et al. (1998) which range from 0.63 to
0.87 at 500 nm. In comparison to Dubovik et al. (2002), the lower
x0 values indicate that the dust entrained by the dust devils ab-
sorbs more light at k < 550 nm and may result in increased heating
of the surrounding atmosphere. The differences inx0 could be a re-
sult of compositional variations in the mineral dust between the
different regions and/or the particle size being measured. Recent
investigations on incorporating mineralogical composition into
modelling radiative properties of dust has shown that the way
hematite is mixed with quartz or clay is highly complex and
strongly impacts the particle absorption (Sokolik and Toon,
1999). It has been shown by these mineralogical studies that a lack
of consideration for these mixing mechanisms is a signiﬁcant lim-
itation of current dust absorption computations.
Fig. 7. Retrieved ni(k) (vertical lines) for dust suspended in a dust devil vortex in the Nevada desert assuming the particle size distribution) from (a) Sinclair (1974) and (b)
Dubovik et al. (2002). ni(k) for other desert dust aerosols are shown for comparison with the retrieved values from Patterson et al. (1977) for sand particles from Tenerife, Sal
Island, Sahara desert and Barbados, and the retrieved ni(k) for Bahrain–Persian Gulf, Saudi Arabia and Cape Verde from Dubovik et al. (2002).
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ary-layer winds and primarily responsible for the lofting of large
sand grains (Greeley et al., 2003). Therefore we can qualitatively
assess the size of the particles being lofted by estimating the tan-
gential velocity of the dust devils. Assuming that the dust devil
vortices are in cyclostrophic balance the wind speed around the
dust devils can be computed from (Rennó et al., 1998):
m2
Rdd
 a DP
Rdd
 
ð3Þ
where v is the tangential velocity and a is the speciﬁc volume,
which is equal to RTs/Ps (assuming an ideal gas) where R is the
gas constant, Ps is the surface pressure and Ts is the surface temper-
ature. Therefore the tangential velocity for encounters E1, E2 and E3
were calculated to be 5.3 ms1, 6.3 ms1 and 5.2 ms1 respectively.
Since the DP for encounters E4 and E5 were not measured accu-
rately the tangential velocity was estimated from the encounter
videos. The high dust load of these dust devils resulted in obvious
clumps of dust in rotation around the vortex. The time taken for
these clumps of dust to orbit the vortex and the vortex circumfer-
ence were used to estimate the tangential velocity. The uncertainty
in estimating the velocity in this manner resulted in different veloc-
ities for different clumps and gave a range of velocities between
14 ms1 and 22 ms1 for both encounters.
Given the estimated wind speeds we would expect encounters
E4 and E5 to loft signiﬁcantly larger particles than E1, E2 and E3.
Larger particles absorb a greater fraction of the incident light and
will result in increased absorption at all wavelengths (Hansen
and Travis, 1974). Therefore, the presence of larger particles could
explain the enhanced absorption observed in the transmission
spectra (Fig. 5) of E4 and E5 compared to the other encounters.
The physical dimensions of dust devils E1 and E3 are signiﬁcantly
different (Table 1), however the similarity in the retrievedx0 and g
and transmission spectra for these encounters suggest a similar
particle size was suspended by both vortices. This result is consis-
tent with the observational evidence showing both these vortices
to have a diffuse dust component, the absence of a saltation skirt,
and the similar tangential velocities calculated for both dust devils.
The ni(k) spectral dependence displays the same trend, for the
two distributions considered, with larger ni(k) values at shorter
wavelengths relative to longer wavelengths. However, the magni-
tude of ni(k) varies considerably (by an order of magnitude in the
cases shown in here) depending on the assumed particle size.
Using the particle size distribution from Sinclair (1974), the
retrieved ni(k) for Nevada desert particles are slightly lowercompared to the results of Kaufman et al. (2001) and Dubovik
et al. (2002) for desert aerosols in Bahrain–Persian Gulf, Saudi Ara-
bia and Cape Verde. The lower values of ni(k) compared to those of
Dubovik et al. (2002) could be differences in geographical location,
however Sinclair (1974) discusses a bias towards larger particles in
their measurement of the particle size distribution and notes that
an inﬂection towards smaller particles would likely be present gi-
ven more accurate sampling. Increasing the abundance of ﬁne par-
ticles would result in an increase in ni(k), bringing our results
closer to those of Dubovik et al. (2002). The retrieved ni(k) were
an order of magnitude higher when the dust particle volume distri-
bution measured by Dubovik et al. (2002) for Bahrain–Persian Gulf
was applied to dust entrained around dust devils. The higher ni(k)
values result from the greater proportion of ﬁne particles in the as-
sumed particle distribution and requires ni to increase in order to
produce the same absorption as larger particles with a smaller ni.
As suggested by Sinclair (1974), the particle size distribution with-
in dust devils will contain a greater quantity of larger particles and
will be more analogous to soil particle distributions. Therefore, it is
concluded that the estimated particle size distribution using the
values from Sinclair (1974) provides the best estimated for ni(k)
for Nevada desert aerosols. After the dust devil decays these large
particles quickly fall out of the atmosphere as a result of sedimen-
tation, leaving the ﬁne particle fraction in suspension. We suggest
that this remaining ﬁne fraction will exhibit absorption consistent
with the results of Dubovik et al. (2002) for desert aerosols based
on our values of ni(k).6.2. Particle size distribution
The retrieved ni(k) is highly dependent on the particle size dis-
tribution of the lofted dust. Studies into sediment ﬂux in laboratory
generated dust devils have shown that the vertical ﬂux of dust
(r < 2 lm) increases exponentially with increasing tangential
velocity and DP at the core (Neakrase et al., 2006; Neakrase and
Greeley, 2010). This suggests that the variation in the observed
DP and tangential velocities of dust devils E1–E5 could result in
a unique particle size distribution for each vortex and that a differ-
ent size distribution should be applied to each dust devil when
retrieving ni. More importantly, uncertainty in the retrieved ni will
result in erroneous estimates of the amount of solar radiation ab-
sorbed by the dust particles that remain in suspension after the
dust devil has terminated since only the ﬁne particles remain in
suspension.
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uncertainties in the dust particle size distribution, the parameters
Rvf and Rvc were varied separately in increments to ±50% of the val-
ues derived for the particle size distribution measured by Sinclair
(1974). Vc was incrementally varied from 50% to +12% (i.e. chang-
ing the proportion of the volume occupied by the ﬁne particle frac-
tion, Vf = Vc  1). An increase in Vc of 12% corresponds to Vf  0. The
retrieval method for ni was executed for each value to produce a
new set of ni(500 nm). A wavelength of 500 nm was selected as it
corresponds to the peak of the solar spectrum. The assumption is
made that once the dust devil terminates, and the coarse fraction
has settled out of the atmosphere, the ﬁne fraction which remains
in suspension has a size distribution equivalent of that for Bahrain–
Persian Gulf measured by Dubovik et al. (2002). To equate the
changes in ni(500 nm) to variations in x0, nr was held constant at
1.48 and, applying the Bahrain–Persian Gulf particle size distribu-
tion, the new ni(500 nm) were used with Mie theory to provide an
estimate for x0.
In the optically thin limit the amount of solar radiation ab-
sorbed by the dust particles in proportional to (1 x0). Fig. 8
shows the ratio of (1 x0) for the new ni(500 nm) to (1 x0)
for the retrieved value of ni(500 nm) as a function of the ratio of
Rvc, Rvf and Vc with respect to the determined values of Rvc, Rvf
and Vc for the particle size distribution measured by Sinclair
(1974). Immediately obvious is the large dependence of the re-
trieved ni, and thus the absorption of solar radiation, on the frac-
tional abundance of coarse and ﬁne particles and the size of the
particles contained in the ﬁne fraction. Increasing the ﬁne fraction
abundance by 10% resulted in an increase in ni by a factor of 2,
over the retrieved value. This leads to the amount of incident solar
radiation absorbed by the particles to increase by >50%. A decrease
in particle absorption is observed if the ﬁne fraction is reduce or re-
moved altogether with a reduction of 10% in Vf leading to 70% less
incident solar radiation being absorbed. For an uncertainty of ±10%
in the value of Rvf, the change in the incident solar radiation ab-
sorbed by the particles is approximately ±15%. The change in the
retrieved ni increases exponentially as Rvf? k, with a 30% decrease
in Rvf showing twice as much absorption of the incident solar radi-
ation. The relative insensitivity of ni to Rvc can be explained by the
coarse particles having a radius that is much larger than the wave-
length of observation. Particles of this size have little effect on the
single scattering properties at visible wavelengths (Hansen and
Travis, 1974).
This analysis has shown that the abundance and size of the ﬁne
particulate material lofted by the dust devils are the most impor-
tant parameters required in order to retrieve accurate optical
properties for the suspended dust particles. The particle size distri-
bution within the dust devils is the largest source of uncertainty in
the our retrieved values of ni(k) which, if described incorrectly, can
result in an overestimation in the amount of solar radiation ab-
sorbed by the dust particles that remain in suspension after theFig. 8. The change in the amount of solar radiation absordust devil have terminated. If we consider that the particle size dis-
tribution within dust devils are unique for a given vortex, then
simultaneous measurement of irradiance and the particle size dis-
tribution is required in order to retrieve a more accurate ni(k) for
the entrained dust particles.
6.3. Relevance to Mars
Despite differences in atmospheric surface pressure, the simi-
larity in near surface conditions on Earth and Mars for the forma-
tion of dust devils may indicate equivalent particle sizes are lofted
by the vortices. Dust devils are more efﬁcient at lofting parti-
cles < 100 lm compared to the boundary layer winds and particles
that would normally settle quickly out of the atmosphere will be
entrained (Neakrase et al., 2006). Therefore, martian dust devils
will likely contain larger particles than the ubiquitous dust haze,
which has a mean particle size of 1.5–2 lm (Pollack et al., 1995;
Wolff et al., 2006).
Previous studies investigating the amount of material lofted
into the martian atmosphere have assumed the particles in sus-
pension to have a particle size distribution equivalent that for air-
borne dust in the surrounding atmosphere (Metzger et al., 1999;
Greeley et al., 2006). However, MI data from Spirit showed the
presence of sand grains (>62 lm) and granules (>200 lm) in the
surface soil deposits and Hazcam images have observed the move-
ment of ripples, with crest displacement of 1.5–2 cm, demonstrat-
ing that winds at the martian surface can be of sufﬁcient strength
to transport particles of approximately 300 lm (Sullivan et al.,
2008). Analysis of dust devils at Gusev crater by Greeley et al.
(2010) revealed that few dust devils developed a saltation skirt.
This suggests that, nominally, larger sand grains are immobile at
the wind speeds within the dust devils, however, the few cases
where a saltation skirt is present implies that the conditions inside
martian devils do, on occasion, permit the lofting of larger sands
grains.
Therefore, similar to terrestrial dust devils, we would expect to
see enhanced absorption during a transit of a martian dust devil
and lower x0 values in comparison to previous studies of Mars
atmospheric dust due to larger dust grains being lofted. If the par-
ticles entrained in a vortex are assumed to have the single scatter-
ing properties of the Mars ubiquitous dust haze then the amount of
dust injected into the atmosphere by dust devils will be overesti-
mated (i.e. more particles are required to equal the observed
absorption). As illustrated in Fig. 6, the particle size distribution
has a signiﬁcantly effect on the estimated imaginary refractive in-
dex, and our results for terrestrial dust devils indicate that if the
mean particle size of martian airborne dust is used to determine
the refractive index of martian dust from dust devil attenuation
measurements, then the result will be an overestimation of the
imaginary refractive index when compared to martian atmo-
spheric studies. An overestimation in the particle absorption willbed due to uncertainties in (a) Vc, (b) Rvf and (c) Rvc.
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dust devils and will directly affect any conclusions of the overall
contribution to the ubiquitous dust haze by dust devils.6.4. Particle non-sphericity
Our analysis makes the assumption that the dust particles are
homogeneous spheres. Introducing more realistic non-spherical
particle theory into our model will likely modify our retrieved sin-
gle scattering properties and imaginary refractive indices. Quanti-
fying the effect of non-spherical particles is difﬁcult, especially
when attempting to realistically describe particles entrained in a
dust devil with current computational methods (Discrete Dipole
Approximation (DDA) and T-matrix) given the size of the dust par-
ticles likely to be lofted. As noted by various authors (e.g. Pollack
et al., 1995; Mishchenko et al., 2000) the amount of light scattered
by a particle at angles >120 is sensitive to the particle shape,
whereas at smaller scattering angles the shape becomes less
important relative to the particle composition and size. Therefore,
we can qualitatively assess to ﬁrst order, the signiﬁcance of particle
shape on the scattered ﬂux by considering the scattering angles re-
quired by the ﬁrst scattering event to allow scattered light to be
detected.
Under the single scattering assumption, in order for the light
scattered by dust particles present in the Sun-facing wall of the
vortex to be detected, the scattering angle must have a forward
scattering geometry. This is because the Sun-facing wall is situated
between the observation point and the Sun and is true for all hz.
Scattered light detected from dust located in the non-illuminated
side (opposite the Sun-facing edge) of the vortex must be scattered
at increasingly larger angles as hz increases. For a vortex with an
outer radius of 10 m and height 50 m, in order for the ﬁrst scatter-
ing event to have a backscattering geometry, hz must be greater
than 60 and the dust must be located in the non-illuminated wall
below the half height of the vortex. All of the dust devils analysed
in this study the hz was less than 60 and the vortices had an outer
radius less than or equal to 10 m; thus the effect of particle shape
should be minimal. Multiple scattering will increase the light de-
tected from scattering angles >90 and therefore assuming a uni-
form particle shape will introduce uncertainty into this analysis.
Further work is required in order to fully quantify the effect of
particle shape on our retrieved optical properties. Given the size
of the particles lofted by dust devils, however, the use of current
non-spherical code in this conﬁguration is impractical given the
computational resources required for such calculations.7. Conclusion
The MCLSM has been successfully applied to dust devil vortices
in the Eldorado Valley (Nevada). By simulating the transmission of
light through the vortices, an estimation of the dust particle single
scattering properties and the imaginary refractive index of Nevada
desert aerosols have been retrieved from spectral measurements
during a dust devil transit. Uncertainty in the dust particle size dis-
tribution limits the accuracy of these results, however they serve
as a good ﬁrst order approximation, with the retrieved ni(k) consis-
tent with similar studies into desert aerosols (Dubovik et al., 2002).
Good correlation to these other studies validates the use of spectral
measurements during dust devil transits as a technique for retriev-
ing of the optical properties of the suspended dust particles.
Martian surface landers experience hundreds of dust devil tran-
sits during their operational life (Ellehoj et al., 2010). The Curiosity
rover, as part of the REMS package, has on-board an ultraviolet
photodiode array (Gomez-Elvira et al., 2009) which has detected
a drop in UV irradiance believed to be associated with a dust deviltransit (Kahanpää et al., 2013). Therefore, the described retrieval
method can be applied to martian dust devils in order to retrieve
the dust optical properties. As we have shown, however, the mea-
sured absorption spectrum is likely to be higher in comparison to
studies of the background dust haze due to larger particles en-
trained in the dust devils. If the mean particle size of martian air-
borne dust (2 lm) is applied to dust devils then the retrieved
imaginary refractive index of the dust particles will be an overesti-
mation of the true values.Acknowledgment
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